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ABSTRACT 
A study of the production and ehe.racte~istics of a 
series of iron-carbon-nitrogen ~lloys has been conducted. 
The concept of a "nitriding potential" has been evolved 
whereby control or the surrace phases produced in a 
nitrided case, appears possibleo X-ray, microhardness, 
and metallographic data from a series of single phase 
alloys produced by controlled nitriding of carburized 
foils is reported. The existence of alpha, gannna prime, 
and epsilon_carbonitride has been conrirmed and it has 
been fotmd that gannna prime is the hardest of these three 
phase so 
The results of these experiments have been applied 
to postulate a mechanism for the occurrence of unusually 
high hardness in nitrided plus induction-hardened plain 
):-'fj 
carbon and engineering alloy steels. 
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INTRODUCTION 
Studies of nitriding generally fall into three 
categories. The majority are performed with bars using 
conventional nitriding procedures, thus yielding a 
nitrogen gradient and a se~ies or phase laye~s near the 
surrace(l, 2,3,4,5). Such studies are complicated by 
the presence of the nitrogen gradient, for it is 
difricult to correlate microhardness and x~ray data 
with chemical composition~ There are always complications 
due to penet~ation of the X-ray beam which can yield 
data which are inf'luenced by 1m.derlying layers. SimilB.l' 
di~f'iculty is experienced in taking hardness readings 
on a tapered specimen or isolating various layers by 
machining., 
A second group of investigations have been 
primarily concerned with establishmen,t or regions in the 
iron-nitrogen( 6,B, 9) or iron-carbon-nitrogen phase 
diagrams(?). These have been performed with powder 
specimens which were nitrided in ammonia-hydrogen 
mixtures to produce a series of single phase specimens. 
Unfortmiately~ the powder specimens are not amenable to 
either microstructure or microhardness study. 
2 
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The final group is essentially a compromise of the 
first two, and oniy one previous investigation or this 
type has been uncovered by the present author. Bose and 
Hawkes(lO) using 0 .. 005 inch thick iron foils were able to 
obtain mic~oha.rdness, microstructure, composition and 
x~ray qata on iron-nitrogen alloys of eutectoid 
composition, by equilibration in annnonia-hydrogen 
mixtures at 1290°Fa 
To obtain a better understanding of the nitriding 
process and the characteristics of the phases present 
in nitrided plain carbon steels, the present 
investigation was undertaken. The investigation is 
patterned after that or Bose and Hawkes with .the 
exception that nitriding was performed at 930°F (below 
the eutectoid temperature)g as is the case in conventional 
nitriding. In addition to gaining some understanding of 
the source or high hardness of nitrided and induction 
hardened plain carbon steels, found by the author in a 
previous study(ll), the present investigation is 
concerned with the possibility or controlling the 
phases present in a nitrided case throu.gh the use of 
ammonia-hydrogen mixtures. Knowledge of the properties 
of each phase and the conditionsnecessary for its 
production could make it possible to avoid undesirable 
surface layers in nit~iding. 
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EXPERIMENTAL PROCEDURE 
I. Specimen Preparation 
A specimen thickness of 0.005 inch was selected to 
-1:; insure that a uniform nitrogen concentration could be 
obtained in a reasonable length of' time, by equilibraticn 
in an ammonia~hydrogen atmosphere. The starting material 
was a vacuum cast ingot of' pure iron, the major 
impurities of which were: 
C: 0.003% 
O·: O.OJ.4?b 
-S: Oo004% 
The ingot ·was .heated to 1500°F in a nitrogen 
'-
atmosphere and ~orged to yield a slab 0.25 inch thick. 
The material was then reduced to Oo005 inch by 
-
alternately cold rolling and annealing in a·· nitrogen 
" 
atmosphere at 1600°F. The sheet was pickled with a 
10% sulphuric acid solution be.fore each annealing 
treatment to avoid contamination f'rom the rolling 
grease. The resulting material was finally cut into 
strips 1.5" x 12" x 0.005"c, 
This material was divided into five groups of 
specimens which after carburizing yielded the follow-
ing carbon contents: O, Oo2B, 0~36, 0.46, and o.74~ 
carbon. The carburizing was performed by the Leeds 
4 
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5 
and Northrup Research Laboratories, using a controlled 
carburizing potential which yields a uniform carbon 
concentration throughout the cross section. 
All groups of specimens were next sealed in quartz 
tubes and spheroidized at 1330°F for 40 hours in vacuo. 
----
The purpose er the spheroidizing was to agglomerate the 
carbide to facilitate locating carbide and nitride 
phases metallographically, subsequent to nitriding. 
Nitriding was performed in a quartz tube furnace 
heated with globarso The arrar1gement of the furnace 
and furnace accessories is shown in figure 1. The end 
plates, gas inlet and exit tubes, and the thermocouple 
protection tube were ,,9onstructed of' aluminum. The 
r I}-
specimen holder was constructed by stacking sheets o~ 
per~orated aluminum, separated by aluminum spacers, to 
form five shelves, in order that a specimen of each 
,, 
carbon content could be treated simultaneously. The 
specimen holder could be rapidly moved in and out of 
the hot zone or the furnace by means of the magnetic 
throw rod arrangement, without open-ing the furnaceo 
Thus, the specimens were the only articles inside the 
furnace which could catalyze the dissociation of the 
ammonia. 
..... 
, .. -
·1 
; 1. 
6 
For nitriding, the specimens were cut to 2.5 inches, 
pickled in a 10% sulphuric acid solution and accurately 
weighed (accuracy of measurement being !0.00005 gram). 
The specimens were stacked in the holder and secured with 
aluminum wireo After sealing the furnace, the chamber 
was purged for one-half hour with ammonia. Hydrogen was 
then bled into the furnace until the desired· 1gas 
mixture was obtainedo The hydrogen was obtained from 
~~ylinders and purified by passing over a palladium 
cataly~t and then through a silica gel drying tower. 
Upon observing tha·t the flow rates of' both gases 
reamined constant, the specimens were moved into the 
hot zone. The ammonia and hydrogen r1ow rates were 
maintained at the .initial levels and the exi·ting· gas 
was periodically monitored with an ammonia dissociation 
pipette. In order to follow the.P· gain in weight of the 
'-'> 
specimens, the specimen holder was ~eriodically retracted 
to the cold zone and a~ter ten minutes the hydrogen was 
shut off., The furnace was purged with ammonia, opened, 
and the specimens were removed and we:i.ghed. The 
preceding treatment was repeated until no gain in 
weight was observed with four successive treatments and 
weighings. 
'\ 
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A second series of tests were made using 
completely dissociated ammonia as the diluting gas. 
For dissociation the ammonia was passed through a 
small stainless steel tube furnace filled with nickel 
shoto The p~ocedure was to purge the cold dissociation 
furnace and the main furnace for one-half hour and then 
to bring the -dissociation furnace to 1650°F. Once 100% 
dissociation was obtained, raw ammonia was added to 
yield the desired gas mixture. The remaining 
procedure was identical to that used previously. A 
third group or specimens was treated with only un-
·, di~sociated ammonia. The nitriding conditions and 
resulting chemical analyses of all samples are given 
in Table I. 
IIo X-ray Analysis 
(a) Brittle Alloys 
For many alloys sufficiently fine powder for 
X-ray analysis could be obtained by lightly grinding 
the specimen in a mortar and pestle. Powder patterns 
""I 
we:re obtained with a G. E. XRD-4 diffraction apparatus., 
using a 14.32 cm.Debye-Scherrer camera and i.mfiltered 
cobalt radiation. Pyrex glass was drawn into fibers 
of about 0.005 inch diameter for spindles 9 and Duco 
cement was used as a binder. Preliminary tests 
I -· •• 
''.•·-· ...... · .. 
'j.· 
I. 
8 
yielded no diffraction lines from either the glass or 
the cemento The appearance of the patterns indicated 
that the grinding did not produce excessive cold work, 
for the diffraction lines were quite sharp and the 
K~ 1-K~ 2 do:ublets were clearly resolved in the back 
reflection regiono 
(b) Ductile Alloys, 
~ 
To avoid contamination in obtaining powder with 
\ 
spe~imens which could not be pulverized as above, 
solid specimens were used in conj-~'lction with a Siemens 
Di~f'ractometer using filtered cobalt radiation. 
Patterns were recorded using a scintillation comiter 
and chart recorder. The instrument was calibrated 
after each test using a gold standard. 
III. Metallography 
.Many of the .
1
.Aalloys proved to be extremely friable 
and could not be polished by common techniques because 
of the pitting which occurred. The specimens were 
mounted on-edge between steel blocks (to minimize edge 
rounding) in a cold setting resino After considerable 
experimentation the most satisfactory polishing 
procedure proved to be the use of Metadi Diamond Paste 
on Buhler "Texmet" laps. The latter are quite hard 
,I . 
.1 
't/, 
· 10-J ! 
I 
9 
and have 11 ttle nap, which minimized the amount of 
pitting. Fine scratches due to the diamond paste 
could not be avoided, and were considered less harmful 
in analysis than the pitting which resulted with 
higher nap clothso 
:IV. Induction Heati~g 
Induction heating of the specimens was performed 
with a 30 KW Lepel high frequency generator at a 
frequercy of approximately 300 kilocycles per second. 
The heating coil was made from 3/16" copper tubing 
flattened to 1/8 inch and wound into a rectangula~ 
coil with inside dimensions of 2.5" x l" x 2.25". 
The coil was lined with asbestos paper and a 
susceptor made from 1/8" type 304 stainless steel. 
The inside dimensions of the susceptor were 
The temperature was monitored by a Leeds and 
Northrup Speedoma.x recorder-controller which 
automatically turned orf the induction generator 
when the desired temperature was reached. The 
temperature was deter~ined by a chromel-alumel 
thermocouple which was percussion welded to the 
susceptor. Due to the delicate nature of the foils 
and the design of the quenching arrangement, it was 
.1 
) 
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10 
considered unwise to weld the thermocouple directly to 
the specimeno As .:tne warped foils were in contact with 
the susceptor in many places, it is believed that the 
temperature difference between specimen and susceptor was 
not greato The same heating temperatures were used for 
.· ( 
\ 
all specimens of a given carbon content. The temperatures 
are identical to those used for induction hardening of' 
the nitrided rollllds(ll)~ The temperatures are given in 
Table IIo 
In order to avoid losing portions of the brittle 
specimens during quenching an arrangement was~made whereby 
the specimens were allowed to fall out of the susceptor 
and into a beaker of water, once the required temperature 
was reached" 
Vo Microhardness Testi;ng 
1 
Microhardness tests were performed using a ReichePt 
I f 
Micro-Hardness Testero Impressions were made with 5, 
10, 15, 20, 25, 30, 40 and 50 gram loads. The diagonal 
length (in microns) was plotted against load on log-log 
paper. The best straight i1ne was drawn through the 
data and the slopes were found to range from 1.93 to 
2.01. A slope of 2o00 indicates that the hardness 
value is independent or load. Generally a slight 
decrease in hardness with increasing load was noted and 
,, 
I , 
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the final procedure was to use as the quoted value the 
average of all readings. These values are in Kg./mm. 2 
and a.re obtained through the relationship: 
- ' 
(Kg/mm.2) = [1854] [load (grams)] ~ · [ Diagonal (microns) ]2 
_,.. 
VI. Chemical Analys~s-
Carbon and nitrogen analyses were performed; using 
the micro-Kjeldahl method for nitrogen and the combustion 
method for carbon~ The chemical analysis of nitrogen 
correlated quite well with analysis by gain in weight 
and the latter method was used exclusively fo~ a few of 
the final specimens. The chemical an~lysis of the foils 
(I 
in the c8..rburized condition together with the chemical 
> 
composition of the rounds are presented in Table III. 
VII. ~lectron Microscopy 
Carbon replicas of the ease region of a nitrided 
plus induction hardened 1080 ro.und were prepared by 
masking~off all other portions of the specimen with 
cellophane tapeo The replicas were stripped with a 
10% bromine solution. They were examined in the un-
shadowed condition in order to ascertain the presence 
of extracted particleso No satisfactory diffraction 
pattern was found, outside of two diffuse rings 
,.1 
·1. 
II 
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12 
attributable to the carbon film. The replicas were then 
shadowed with chromium at an angle of' approximately 20°. 
The replicas were studied with an RCA EMU-3G electron 
microscope 
·I 
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RESULTS AND DISCUSSION 
I. Background 
The principle motivation for the present investi-
gatiQn was to clear up many questions which arose during \ 
'-, 
a pre~ous study(ll) by the author concerning the 
/ 
/ 
/ 
\~nduction hardening of nitrided plain carbon steels. 
The work was a continuation o';f a similar study by 
Barnea< 12 ) who used Nitralloy 135 Modified- AISI 4130, 
4340 and 1041. Since the results obtained with the 
plain carbon steels are i.mpublished and relevant to the 
present study, the depth-hardness curves which were 
obtained have been reproduced in figures 2-4. Temper-
ing data for- these steels are presented in fi-gures 5-7. 
The tempering-data together with chemical analysis of 
these steels (Table III) have only recently become 
available. An attempt has been made to corral.ate the 
information obtained from the foil specimens of the 
present investigation with the data obtained in the 
previous two studies(ll,l2 ). 
In principle, the same concept of "nitriding 
potential" used for the production of single phase 
alloys in the present investigation might be 
incorporated in a commercial nitriding procedUJte 
to provide control of the phases present in a nitrided 
13 
,, 
·• 
., ,~I i· 
· ... , .. -.. 
case. A discussion of the feasibility of such a 
procedure has therefore been integrated with the 
discussion of results. 
IIo Preparation of Alloys 
Initial choice or the annn.onia-hydrogen mixture 
required ~o produce a given single phase alloy was 
based upon the data of Lehrer(l3), whose uni variant 
equilibrium diagram is presented in figure 8. 
Preliminary tests indicated that the data could not be 
used precisely, and operating conditions had to be 
established empirically for the present investigation. 
This is not surprising, for Bose and Hawkes(lO) found 
that the equilibrium ammonia-hydrogen mixtures are 
., 
arfected by the various arbitrary dimensions of the 
i 
specimen and furnace. The conditions used to produce 
each specimen together with the chemical analysis of 
each is presented in Table I. 
In spite of the close similarity between 
controlled gaseous carburizing, and nitriding with 
ammonia-hydrogen mixtures, no commercial nitriding 
procedure has been developed based upon the latter 
technique. Unfortunately, if nitriding is to be 
conducted below the iron~nitrogen eutectoid temperature 
(1095°F) the resulting structure will be either o<., 
r1 
Ii' 
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y/, ., E. o:r S ~. As is evident f:rom the 1:ron-ni trogen 
phase diagram (figure 9) the range of compositions over 
which each phase exists is fairly restricted. Carburizing, 
howeve~, is performed above the iron-carbon eutectoid 
temperature and the compo,sition range of the austenite 
presents a distinct advantage. The phase botmdaries of 
the iron-nitrogen diagram suggests two distinct 
possibilities for greater control of the resulting 
phases. 
The first is_.,,.to nitride in the austeni te ( t; ) 
region which would yield nitrogen concentrations of, 
between 1 and 3% without the use or excessive tempera--" 
tureso Such a procedure has two distinct disadvantages 
over nitriding as it is currently practiced: 
(1) The work would have to be quenched(lO) to 
produce a high hardness case, causing 
greater distortion than occurs in 
conventional nitriding, where the work 
is furnace-cooled. 
(2: l Conventional nitriding has a negligible 
affect on the properties or the core 
material, for the nitriding temperature 
' 
' 
~-According to Jack( 6 ) ~ can not be produced at tempera-
tures exceeding 84()°F. , 
~ 
,. 
. ',.' 
is below that of the preliminary temper-
ing temperature of the work. 
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The second possibility is to modify conventional 
nitriding, through dilution or the ammonia with 
hydrogen, to avoid undesirable phases in the case. 
The "white layer" is a perennial problem in nitriding. 
In many applications, specifications require its 
removal(l4) by grinding or lapping, which greatly 
increases the cost of th1 nitridi~ procedure. It has 
generally been felt that the "white layer" is the E 
phase of the iron-nitrogen systemo If this. is true., .,., 
a superior case could be obtained by controlling the 
I 11ni triding potential" in order that 't , rather than 
€
 , is the fir~t ~layer to occur at the sur:t"ace. The 
properties of these phases will be discussed in 
greater detail in succeeding sections. 
IIIo X-ray Investigations 
X-ray data indicate that ror the carbon levels 
studied, a series or carbonitride phases result which 
are based upon those of the Fe-N diagram. It was also 
found that the sum of the atomic per cents of carbon 
and nitrogen was essentially constant when specimens 
representative of each o:f the carbon levels were 
equilibrated with a gi van ''nitriding potential". Fol' 
I, 
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example, in specimen group IV ( 't'), the atomic sum of 
interstitials varied between 19.52 and 20.82% for the 
phase Fe4(c,N). Within the range of experimental 
error, the lattice parameter (a0 ) of all samples in this 
group was constant. Similar results have been reported 
by Jack(7), for both the carburizing of iron nitrides 
and the nitriding or iron carbides. The ternary iso-
thermal diagram proposed by Jack is presented in 
figure 10. 
One point of uncertainty arose which made the 
existence of carbonitride.phases questionable. 
Initial X-ray patterns or the carburized foils yielded 
only o<.-iron diffraction lines. Accordi~g to Cullity(l5~ 
it is particularly difficult to detect even moderate 
percentages of a se.cond phase in a system wher.e the 
solute has a much lower atomic ni.nnber than the solvent. 
Thus even with a ea.rbon content of o.74~, Fe3c 
constitutes only 11% by volume of the spheroidized 
foils, and with carbon and iron diffe~ing in atomic 
number by 20 it is reasonable that this amount could go 
undetected. 
Three pieces of evidence tend to support the 
existence or these carbonitride phases, as opposed 
to structures which are mixtures of carbides and 
11, 
J 
.,I. ,, 
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nitrides. If cementite was still p~esent after 
nitriding, the interstitial content or many of the 
allays would fall outside the homogeneity limits of 
the phase in questiono This would require the 
existence of lower nitrogen {and more easily detectable) 
phaseso Secondly, the repeated constancy or the 
interstitial sums tends to support the existence of 
carbonitride phaseso These phases will accept either 
carbon or nitrogen atoms in an attempt to satisf'y ,,the 
stoichiometric requirements. Finally- no metallo-
graphic evidence was found to support the existence of 
two phase structµres. 
Massalski(lb) in reviewing the combined effects 
of interstitials in iron states: 
Cementite has no solubility ror nitrogen, but can take much boron into solution. On the 
other hand, carbon can easily replace up to 
one-halr of nitrogen present in interstitial 
nitrideso These results show that the 
solubilities concerned are independent of the 
size errect [atomic radii of the three 
elements ni trogen0 carbon, and bo~on are 
respectively Oo7lp Oo76 and Oo81 A] but depend 
very much upon the atomic number of the 
element which occupies the interstitial 
position within the iron latticeo One can 
replace a high atomic number element by one 
with a lower atomic number-(ioe~ N by C, 
C by B) but not vice versa. 
,•:~ 
:,J'. 
( 
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Specimens in groups seven and eight were induction 
heated and quenched after nitriding. X-ray analysis of 
these samples yielded no detectable changes in either 
. -
the phases present or their lattice parameters due,Jf·6·> 
this treatment. Again the question of the detectability 
of small amounts or·a second phase arises, for if 
nit~ogen is lost during heating, small amounts of a 
lower nitrogen phase would precipitate. This is one of 
the possible explanations for the changes which 
occurred in the carbonitrides after induction he~ting, 
and will be discussed further in succeeding sections. 
IV. Metallographic Studies 
\ -Both the face-centered cubic (t) and hexagonal(€) 
nitrides and carbonitrides proved to be extremely 
friable and therefore difficult to polish.·- Considerable 
pitting occurred even with diamond paste on a low-nap 
lap. Figure 11 in'a-~ia.tes the appearance of the 
specimens in the etched and unetched conditions. Even 
though these specimens could be etched with nital, 
long etching times were necessary to reveal any 
structural features. There seems to be a preferential 
pitting which gives a grain boundary appearance to the 
rows of pits. The "grains" of relatively unpitted 
material could sustain microhardness impressions, as 
111 
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is indicated in the rigure. The existence of the 
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straight-sided annealing twins seen in the ~ 1specimens is 
consistent with their face-centered cubic structll?'e. They 
probably result from the stresses associated with the 
repeated heating and cooling of the foils during nitriding 
required to check their gain in weight. The foils always 
eme~ged bent and warped from the nitriding furnace, and 
growth of annealing twins would be exp~cted when the 
specimens were again heated to the n~triding temperature. 
No suitable reagent was found for etching the E:. 
specimens. They were extremely resistant to attack by 
Nital and Picral, and were deeply stained by the nitric-
hydrochloric acid based reagents which are recommended 
~ 
·. 
~ for stainless steels. The unetched appearance or these 
-foils may be seen in the upper photomicrograph of 
.figure 12. As opposed to the t' specimens no "grain 
boundary" type of pitting was observed. Instead# the 
entire cross section ·was covered with a myriad of small 
pits. It is believed that it is this pitting of the€ 
phase which gives the outermost layer on nitrided carbon 
and engineering alloy steels a "speckled" or two phase 
appea~anoe (fig. 18). It is believed that this outermost 
layer is truly E and not c + t' as Barnes< 12 ) was led to 
believe. This is substantiated by the fact that this 
laye~ has the same appearance in the unetched condition. 
:1 ··' 
,\ 
.; -::--;-... 
It should be noted in figure 12 that in spite of the 
, extreme brittleness of this phase microhardness 
impressions could be made without causing spalling. 
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The lower photomicrograph of figure 12 indicates 
the appearance of the cl specimens after nitriding. 
It was found that no appreciable amounts of nitrogen 
could be added to these specimens without almost 
conplete decarburization taking place. Again the 
concept of joint solubility of interstitials becomes 
important. Apparently these specimens were already 
saturated with carbon and therefore could not take on 
any nitrogen until the carbon level was reduced. fue 
~esulting structure indicated the presence of voids at 
the grain boundaries, where the carbide was previously 
situatedo A duplex grain structure resulted, with 
many fine grains and a few very large grainso 
No variation in microstructure with carbon content 
was found ro~ these three phases. Thererore, the photo-
\ 
micrographs shown may be considered as representative 
of all roils. 
V. Microhardness Studies 
I (a) 't Series 
I Figure 13 presents the microhardness of the t 
group of specimens in both the as-nitrided and in the 
·• 
•• , ... ,lit' ..... 
fi 
, 
22 
nitrided plus induction-hardened condition. In view of 
the three variables present (hardness, %C, and %N), the 
.. 
most satisfactory portrayal of the data was obtained by 
plotting the hardness against the C to N ratio. The 
as-nitrided hardness was found to decrease with 
increasing carbon content. Since the total interstitial 
content of all these samples is essentially the same, 
the highest carbon samples contain the least amount of 
nitrogen. Thus it appears that nitrogen hardens this 
phase to a greater extent than does the carbon. It was 
f'·o.und that upon induction heating and quenching the 
specimens softened. As mentioned previously the X-ray 
patterns of these specimens remained the same after 
.. 
• 
induction heating, including the presence of super-
t .l-a-ttice lines in both cases. This precludes the drop 
in hardness being associated with retention or a dis-
ordered structure. As indicated by the iron-nitrogen 
I 
phase diagram (figure 9) o" ceases to exist above 
1260°F which is considerably below the heating tempera-
tures which were used. Figure 14 indicates that the 
structure has become much darker etching and has a two 
phase appea~ance. 
Three distinct possibilities are present for 
:explanation of the structural change, for the second 
1.,i i ' 
\ 
/ 
/ 
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:pha$e ·Could De ei't!!,er f • Fe3c, or ex. • The transformation: 
I t -= , € (at 1260°F) 
might be only partially complete in either the heating or 
cooling cycle, due to the rapid heating and quenching. 
This would yield a mixture of t' and€.. There is the 
possibility that Fe3c precipitated during the cycle but 
this appears least plausible since the 0% carbon specimen 
showed the same structure. The third possibility is 
that there was a partial loss of nitrogen yielding an 
alloy of t' and O(.. In the use of the Fe-N diag?'am for 
the prediction of :structure one must proceed cautiously, 
:for: 
It must be realized that in the iron-\t~ 
nitrogen system where one component is a gas, 
the equilibrium diagram has signif'icance only .. · 
at a pressure corresponding to the vapor 
pressure of atomic nitrogen in the gaseous 
atmosphere surrounding the specimens used in 
the determination of the diagram. I~ other 
words, the diagram represents the iron-
nitrogen system in equilibrium not at 
atmospheric pressure but at the very high 
pressure cotresponding to the dissociation of 
ammoniao ( 10 J 
It -is doubtful that reactions occurring in the foils, 
during heat treatment outside of the nitriding 
atmosphere, will proceed exactly a~ specified by the 
iron-nitrogen diagram. 
' 
,, 
I 
'·· 
In order to check the possibility of excessive loss 
of nitrogen during induction heating, and the efricacy 
of this treatment the same heating condi tiona were used 
with specimens in the spheroidized condition (i.e. only 
carbon present). Metallographically these specimens 
showed a uniform micro structure ( figure 15). Figure 16 
shows that the hardness levels which were obtained are 
quite reasonable for the carbon levels/involved. Since 
the diffusion rate of carbon 1 in 
the same as that or nitro·gen in iron the hardness and 
metallographic data f9r the carburized specimens 
together with the X-~ay data for the carburized and 
nitrided specimens tends to indicate that the amount of 
nitrogen lost was not great. 
(b) 
€ Series 
The microhardness results for the£ series of 
.. 
-specimens is presented in figure 17. The same 
variation in hardness with composition occurs that was 
observed with the °t'1 series. It therefore appears that 
there is greater hardness imparted to these phases by 
the nitrogen, but that the carbon provides greater 
stability during heating and quenching. Comparison or 
the hardness levels in figures 13 and 17 shows that in 
both conditions the i' specimens are harder than the €. 
t I 
,·i:· 
specimens. The appearance of the E specimens after 
induction heating was identical to that of the t' 
specimens ( figure 14) • 
( c) o< Series 
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A graph of the hardness values for the oc series 
has not been included• for it is felt that the 
observed variation is due to a grain size rather than 
a composition effect. The observed values, however, a~e 
listed in Table I. 
VI. Correlation Between Foil Specimens and 
I 
Nitride Layers 'on 7 /8" Diameter Rounds 
One difficulty in the use of the 0.005 inch 
~pecimens is the possibility that such specimens may 
not be completely representative of' the nitride laye:rs 
in situ. One complication is the residual stresses 
which are known to exist in nitrided cases. In order 
to compare th~se two conditions 7 /8" diameter rounds of' 
AISI 1020, 1030 anq 1080 were nitrided according to 
the following procedure: holding at 985°F for fifteen 
hours with 20% dissociated ammonia; increasing the 
dissociation to 80% in an eight hour period, holding 
for forty-two hours; and then furnace cooling(ll). 
Figure 18 shows the structure of the 1020 steel in the 
as-nitrided condition. Two distinct layers are 
' 
,. 
,. 
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visible; which is essentially the same structure 
observed by Barnes<12 > for AISI 4340. The outermost 
layer has a speckled appearance which is thought to be 
associated with a pitting of the€ phase. This is 
supported by the fact that this layer has the same 
appearance in the unetched condition, and by the 
hardness of the layer. The second layer is much 
lighter and is considered to bet'. Figure 18 also 
shows 5 gram microhardness impressions in the various 
layers. From the edge inward the hardness values are: 
191 ( e. ), 523 {t-1 ) and 232 {core) Kg./mm. 2 • The 
hardness values foung in the foil specimens of similar 
. 
carbon content are 365 for the c layer and 547 for the 
I 
't layer. The cause of the lower hardness of the 
€. 
. , 
layer on the round is most likely a result of the pits. 
Figure 19 shows the appearance of the case region 
of the AISI 1020 steel in the as-nitrided and nitrided 
plus induction hardened conditionso The dark outer-
most layer ( E) is still present after induction harden-
ing (it is harder to see due to blending with the 
I background). The sharp delineation of the 't layer is 
no longer visible and it appears that considerabl~ 
diffusion has taken place. The 20 gram hardness 
t 
·" 
impressions shown in the figure po~tray the large 
;•_:.. 
ID 
I 
I 
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increase in hardness which has taken place. Reading 
inward the values are: 730, 763, 698, 653, 640, 698, 
653, 640- and 698 Kg'1/mm. 2 respectively and it should be 
noted that the hardness remains high at substantial 
distances below the regions of the high nitrogen layers. 
The explanation for the difference in behavior 
between the foil specimens and ro'tlllds after induction 
i heating is probably associated with the greater 
influence of diffusion and residual stresses in large~ 
specimens. With the foils the carbon and nitrogen can 
only leave the specimen during heating. In the ro1mds 
the~e is a considerable mass of metal of low 
interstitial content which can act as a sink for carbon 
and nitrogen. In view of the data obtained from the 
foil sp~~imens, the high hardness of the larger 
_specime3ns which persists to about 0.030 inch below the 
surface can only be explained in terms or a martens~tic 
\ transformation. The fact that the hardness values ate 
much greater than would be expected on tne basis of the 
nominal compositions or these steels can be explained in 
terms of the following three possibilities: 
(l} dispersion hardening of the martensi te by 
nitrides or carbonitrides; 
,• I 
--:.,, .. ,· 
t . 
(2) enrichment of the interstitial content 
I 1 
of the martensite by nitrogen; 
(3) enrichment of the interstitial content 
of the interior martensite by carbon 
which diffuses inward as the outer layers 
take on greater amounts of nitrogen. 
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These possibilities are not mutually exclusive, and most 
likely.there is some contribution due to each. 
Dispersion hardening implies that a phase is 
dispersed in the matrix, which provides obstacles to 
the movement of disloc~tions. In the present case these 
would be carbides, nitrides, or- carbonitrides which.did 
not dissolve in the austenite during induction neating. 
The resultspwith the foil specimens indicate that only 
I partial decomposition of the E. and t phases occUJ? at 
the induction hardening temperatures for the short times 
involved. One would expect that if a dispersion 
hardening mechanism was operative the nitrided plus 
() induction hardened steels o~ greatest alloy content 
would have the highest hardness, for the nitrides of 
Al, Si and Cr are all more stable than those of Fe(l7). 
This indeed was found by Barnes< 12 >, as illustrated by 
the fol1owL"1.g data for steels or approximately the same 
carbon content: 
.. 
.,, ,; . ~ 
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Material Maximum Case Hardness (R0 ) 
Induction .Nit:rideq. Plus Then 
Hardened Induction ,-.. Tempered 
Only Hardened at 800°F 
Nitralloy 135 Modified 64 69 64 
AISI 4340 65 68 57 
AISI 1041 63 67 53 
The tempering data of Barnes(l2 ) together with that 
reported in figures 5-7 indicates that the resistance to 
tempering of the nitrided plus induction hardened ste~ls 
is much greater than would be expected by purely enrichment 
of the interstitial content of the martensite. In the case 
of the Nitralloy steel this tempering resistance can be 
attributed to the stability of AlN. The poorer tempering 
\ 
resistance of the engineering alloy and plain carbon 
steels indicates a decreasing importance of dispersion 
hardening in these materials of lower alloy contento 
The literature is practically devoid of information 
concerning Fe-C-N :rna.rtensite. Bose and Hawkes(lO) found 
the hardness of Fe-N martensite (1.85% N) to be Knoop 700. 
tTack(B) fotmd that Fe-N martensite has the same structure 
as Fe-C martensite and that nitrogen produced the same 
tetragonality, ~or a given atomic per cent, as did carbon. 
In view of what has been learned about other carbonitride 
) 
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phases, it is reasonable to consider that the hardness 
or Fe-C-N martensite depends mainly on the total 
interstitial-atom content, which in turn determines 
the degree or tetragonality. Using the depth-con-
centration data of Jones and Morgan( 2 ) for a nitrided 
~ plain carbon steel containing 0.32% carbon, and 
assuming that: (a) the carbon content is unirorm 
across the thickness of the bar after nitriding and 
(b) nitrogen produces the same hardening effect in 
ma.rtensite as carbon, the hardn~ss profile of figure 20 
Li 
was constructed. 'fue hardness values were obtained. 
using a Bethlehem Steel Hardenability Calculator, by 
substituting for the carbon content the sum or the 
carbon and nitrogen. These values have been converted 
to Rockwell 15-N ror comparison with the values 
observed for the nitrided plus induction hardened AISI 
1030 steel. In view of the assumptions involved the 
degree of agreement is quite good. This lends credence 
to the second possibility: namely that the high hardness 
which is observed is merely a result of the enrichment 
of the ma.rtensite by nitrogen. 
The third possibility proposed was that the carbon 
formerly situated in the outer region of the case is 
forced to dirruse inward due to saturation of the iron 
• 
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with nitrogen. In all of the carbonitride phases 
studied, it was found that the atomic sum or carbon and 
nitrogen was essentially constant. Thus, it was found 
that when the initial carbon level of' the foil was high 
the intake of nitrogen was comparatively low. This 
effect is probably due to the ract that only a fixed 
number of interstitial sites are available in a given 
phase. It seems reasonable to assume that as the 
inter~ti tia.·l sites are filled due to the entrance of 
nitrogen that the carbon-will move inward to regions 
where such sites are more plentiful. The end result or 
such diffusion would be to cause the sum of the 
interstitial elements to remain quite·high to consider-
~able depths. Such a distribution of carbon and 
nitrogen was in fact reported by Howes and ~ll.tchell(lB), 
as presented in figure 21. The fact that such a 
distribution of carbon and nitrogen o~curs in a carbo-
nitriding atmosphere precludes the possibility that the 
low carbon content at the surface is a result of de-
carburization. 
Turnings from the case region of the nitrided and 
ind,uction hardened AISI 1080 steel were chemically 
analyzed to reveal the carbon and nitrogen gradients. 
The results are presented in figure 22. In order to 
.\ 
.. ~ 
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obtain a sufficiently large sample for analysis, 
comparatively deep cuts had to be made. Even though the 
data points represent the average composition over the 
regions encompassed by the arrows, the trend may be 
readily seen. Carbon has diffused inward to regions of 
lower interstitial content. It is believed that the 
principle hardening mechanism for the nitrided plus 
induction hardened.plain carbon steels is associated 
with enhancement or the interstitial content of the 
-martensi te, rather than a dispersion··hardening of' the 
martensite by carbonitrides. 
For the nitrided plus induction hardened AISI 1080 
~\., 
steel th~ifference in appearance of the martensite in 
the nitrided case and the m.artensi~e directly below the 
\ 
'• 
nitrided case was most evident. The microstructures of 
these regions are illustrated in figure 23. 
Due to the fineness of t~e structure in the 
:nitrided case very 11 ttle could be learned with the 
optical microscope. Carbon replicas were made of' both 
regions, in the hope that through electron microscopy the 
finer details of the structure could be observed. The 
main difficulty with this technique was to ascertain 
from which of the two regions a given replica came. One 
point of reference did arise; in the carbon martensite 
' . .,, 
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region many "harpoon-head" shaped particles were noted, 
one 0£ which is indicated by the arrow in the lower ,j 
ph~tomicrograph of figure 23. Similar particles were seen ,. 
in a few o.f the replicas. Figure 24 shows the appearance 
of· an unshadowed carbon replica believed to have c-ome :from 
the carbon martensite region. One of the particles may be 
seen in the upper right hand corner of the photomicrograph. 
Figure 25 shows that these particles are aligned along 
the edges of the ma.rtensite needle. Figure 26 shows: a 
martensite :needle (A) which is more clearly recognizable; 
round part·1c:1es (B) standing ~~ ;relief; and a grain 
b.ound~ry relief effect ( C) • 
. 
Figure 27 s-hows the structure O:f ... a region of quite 
., different appearance. The martensite needles appear 
-much finer, and there are many small patches of' material 
• 
standing in relief. The latter are presumed ,to be islands 
of' retained auste.nite. These two observations tend to 
indicate that the replica came from the Fe-C-N martensite 
region. Nitrogen is a strong austenite stabilizer and 
the photomicrographs at lOOOX show that this region has 
\ 
. a much finer structure •. The particles which '1'e seen to 
stand in relief are much larger than those ob~erved in 
the carbon martensite region. As mentioned earli~r • 
. , ~ I 
at·tempts to identify the obseJ?ved particles by selected 
area dif'fraction were unsuccessful. 
'!: 
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SUMMARY 
A series of carbonitride phases have been produced 
by controlled nitriding of carburized foils. Using 
microhardnese, metallography, X-ray diffraction and 
chemical analysis the properties of these phases have 
been determined. These results have been applied to 
explain the behavior of nitrided steels which were 
induction hardened. The results of the experimental 
w~rk may be sUllllnarized as follows: 
(1) The existence of E. , ·l and()(. carbonitride 
has been conffued. 
{2) I tis the hardest of these three phases, but 
its hardness is much lower than that of the 
ni trided pl us induc t·ion hardened case. 
(3) The hardness of these phases in the as-
nitrided condition decreases as the ratio 
C/N increases. 
(4) Both €. and '&1 carboni tride soften upon 
i:nduction heating and quenching. The exact 
explanation of this phenomenon can not be 
deduced on the basis of present data. 
·:, 
After this treatment the hardness of these 
phases increases as the ratio C/N increases. 
34 
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(5) Tr1e sum of the atomic per cents of inter-
,1 
stitials remains constant when the specimens 
• 
are in equilibrium with a given "nitriding 
potential". When the initial carbon content is 
high the amount of' nitrogen which can enter is 
decreased. The extreme case is represented by 
the ex series which could not take on much 
_nitrogen, for the iron was ~lready saturated 
with carbon. .. 
I 
(6) Both 't and E. carbonitride are extremely 
brittle ... No evaluation or their rel~tive 
I 
I 
brittleness when present on the surface of 
ni trided bar can be :made on· t'he· ·basis of tl:le 
present data. 
_''.:::>_ 
.. ~··"'-"' .. C7J :Identification of the /$.urfac·e layer·s on the 
as-ni trided ro1md·s have· been made, based 
• 
' upon the characteristics of the ~iingle phase. 
foi:1 specimens. Epsilon has a speckled 
aI)pearance in both the etched and unetched 
condition. This appearance is attributed to 
pitting during polishing. t' appears as a 
wel.l :defined white laye?' directly beneath 
··t-···h.··e··. € · 
.. ·.• 
l 
.. I' 
A· \ . .-
' 
(8). It is believed that the predominant 
hardening mechanism in the case o~ the 
nitrided plus induction hardened plain 
carbon steels is associated with the 
enrichment of the martensite by carbon and 
nitrogen. ·When these materials are 
induction-hardened they behave like steels 
of much higher carbon content ·than is 
indicated by their nominal carbon content. 
;,,,· 
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TABLE .-I- ,.,-PREPARATION' 01'' ALLOYS '... •. : .· .. , .· . . . 
'. 
.. 
. . . . 
. ... .. 
. . Cracked• Uncracked Hydrogen ,, NH3-From Flow 
<II 1ra3 -From .Pipette wt. 
.,, 
Wt._.% •. _ Phases. .. · )11.c::ronard~~ss Specimen GrQUP ,.., Total Furnace Time ;b .. Number Number NH~ (CFH) RH3 (CFH) (CFH) meters (P.ours) Carbon Kitrogen : . (Kg./!lllll·.· J Condition nemnrks 
.. 
. 
. . 
3-CN-1 I 
-
7.62 1 .90 78 78/84 156. 25 0.34 9.07 t 309 As-Nitrided N-g II 
-
~.56 9.50 27 27/~l 104.5 0 6. :.'6 t' 55_0 II 7-CN-1B III 
- 7.62 1.90 78 81/87 283 o.68 8.79 
€. 218 n fl-12 IV 2.35 
- - - 5/8.5 216 C) 5.79 t· 564 
" (1) 2-CN-2 n 
" - - -
n II 0.26 5.80 '{ 547 " " ' 3-CN-2 n II 
- -
n 
" 0.34 5.80 t' 539 11· n -1+-CN-1 
" " " " o.43 5.45 '('. 52.1 
" 
II - - -
7-CN-3 fl 
" " 
II o. 71 4.92 t' 485 II 
" 
- - -
N-14- 1·.1+8 .. 34/56 262 €. (2) V - - - 0 10.70 ~?~ ·11 2-CN-3 n II n 
" 0.25 10.72 t 365 .. ti ti - - ' -3-CN-5 
" 
n 
" 
n 0.32 10.85 €. 371 II 
" 
- - -
4-CN-3 n II 
" " o.41 10.59 E: ! ~50 
" " 
- - -
.. 
150 _ N-15 VI 16.96 1.09 6 6 0 0.003 oL ~ 155 fl (3) -2-CN-1 n n 
" " " 
II 0.035 0.003 o<. 115•• fl \ II - . 
I 
··- 0.035 3-CN-6 " 
n II 
-
n fl 0.003 o(. 109•• tf II 4-CK-5 n n n ti It II 0.035 0.003 o{ 10~·· 
" 
n - .. 7-CN-5 
" " 
II 
" " "· 0.009 0.003 o(_ 91•• II n - .. . ... N-16 VII 8 48 .. 2.29 
-
.21 ·21+12a· 21+o 0 6.48 t' 178 tJitrided+Ind. H . . . . 2-CN-lt- If 
" 
n 
-
ti II 
" 0.26 6.23 't' 221 " 
. ·. 
-. 
;, 
-
3-CN-? If II II 
-
II 
" 0.31+ 6.18 t' 238 " . . . .. l+-cr-6 II ., If 
"'" 
n II o.lt-3 5. 91 't' ·' 21+»+ n ' - ... 7-CN-6 If " II - " II n 
-0.70 5.ao t' 266 n· .. . . N-17 VIII 
-
1.06 
- -
. 1+.t/60 .. 
. 4.50· 0 9.1 E. 1 t15 
·-· 
• {2) .. . . 2-CN-5 
" 
n I ·.n n 
·0.26 8.94 178 II " 
- - -. £ 3-CN-8 n 
-
II 
- -
.. 
" "· 0.33 8.82 C 195 ... n . . l+-cN-,:7 .· n 
-
If 
- -. 
II II o.42 8.68 t 205 
" 
n 
-7-CN-7 n 
-
n 
- -
n n 0.68 8.34 
€. 218 n n 2-C-1 IX 
- -
- -
,... 
-
0.28 
-
Mart.+ o( lf:2(> Induction H. 3-C-1 
" -· 
... 
.. 
.. 
0.36 II 1+95- n ,_: - - - - -... . . '·.· .. 1+..c-1 
" - - - - .. 
-
o.lt6 
-
II 
-61+6 . fl 7-C-1 n .. 
0.74 'io,J+· .. - -· - - - Martens1t'e . It .. -. . 
... .. . 
(1) No ammonia added; partially preeissociate.d ' raw ammonia 
(2) All cracking of ammonia by specimen, no predissociation 
0 
% (3) Maximum solubility 0£ N in o( at 975 F. =0.05 wt. ·-~'" 
•·. . ·,~·· 
' (•) Values are doubled; 1 volume IH3 = 2 volumes H2•N2 .•. 
c••> Grain size 0£ these specimen was much larger than N-.15· 
.. 
.' 
. . . • . ... 
. . . ... 
. . . 
·.·. 
. . . . . . . . 
.. . . . .. . ~ . . . 
-· 
Carbon Level 
0.28% 
0.36% 
TABLE II. 
0.22 and 
0.30 and 
0.46% 
0.79 and 
0 
0.74% 
:rNDTJCTr·oN HARDENING DATA . .... , ... ·.- . . . 
. .. . . ·. 
Austenitizing:: .rr·~·filP:~r·a;·t·ure {F0 ) 
1 .. 750 
170.0 
1-6.15 
1650 
.1.7$-f) 
TABLE III.. CHEMICAL ANALYSIS OF STARTING M..l\.TERIAL 
:r1ateria1 C Mn p s Si Ni Cr Mo Cu Al 0 
AISI 1020 0.22 .51 .02 .025 .25 .07 .04 .02 .09 .059 
-AISI 1030 0.30 .64 .01 .025 .17 .o_B .04 .02 .11 .027 
-AISI 1080 0.,79 .60 .02 .033 .18 .05 .06 .01 .11 .015 
-Pure Iron o.ooJ - - .004 - .. - - - - 0.14 20-Carburized 0.2 
- -
.004 
- - - - - -
0.14 0-Carburized o.j!6 - - .004 - - - - - - 0.14 0-Carburized o. 6 
- -
.004 
- - - - - -
0.14 0-Carburized 0.74 
- -
.004 
- - - - - -
0.14 
·-Cl' 
·co. 
-· 
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